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Abstract
Polycrystalline CuMo1−xWxO4 solid solutions were studied by resonant X-ray
emission spectroscopy (RXES) at the W L3-edge to follow a variation of the
tungsten local atomic and electronic structures across thermochromic phase
transition as a function of sample composition and temperature. The experi-
mental results were interpreted using ab initio calculations. The crystal-field
splitting parameter ∆ for the 5d(W)-states was obtained from the analysis of
the RXES plane and was used to evaluate the coordination of tungsten atoms.
Temperature-dependent RXES measurements were successfully employed to
determine the hysteretic behaviour of the structural phase transition between
the α and γ phases in CuMo1−xWxO4 solid solutions on cooling and heating,
even at low (x < 0.10) tungsten content. It was found that tungsten ions
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have octahedral coordination for x > 0.15 in the whole studied temperature
range (90-420 K), whereas their coordination changes from tetrahedral to oc-
tahedral upon cooling for smaller (x ≤ 0.15) tungsten content. Nevertheless,
some amount of tungsten ions was found to co-exists in the octahedral envi-
ronment at room temperature for x < 0.15. The obtained results correlate
well with the color change in these solid solutions.
Keywords: CuMo1−xWxO4, crystal-field splitting, resonant X-ray emission
spectroscopy (RXES), high-energy resolution fluorescence detected X-ray
absorption near-edge structure (HERFD-XANES)
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1. Introduction
CuMo1−xWxO4 solid solutions represent a class of functional materials
demonstrating a wide range of physical and chemical properties such as ther-
mochromic [1, 2, 3, 4, 5, 6], piezochromic [2, 5, 7], halochromic [8], photo-
electrochemical [9], thermosalient [5] and catalytic [10].
The strongest thermochromic effect is observed on cooling for small tung-
sten content (x < 0.15), when the change of the material color from green
to brown is due to the first-order phase transition caused by the Mo(W) dis-
placement from the tetrahedral site (as in α-CuMoO4) to the octahedral site
(as in γ-CuMoO4) (Fig. 1) [1, 5, 11]. The similar color change occurs also in
α-CuMoO4 on heating [12], however, in this case, no phase transition takes
place, the coordination of metal ions remains unchanged, and the variation
of color is due to the lattice expansion and strong enhancement of specific
thermal disorder [13]. For tungsten content above x ∼ 0.15, CuMo1−xWxO4
solid solutions crystallize in the wolframite-type structure with the octahedral
coordination of metal ions and do not manifest pronounced thermochromic
behaviour. Therefore, the knowledge of the local environment of metal ions
in these mixed compounds is crucial for understanding and controlling their
properties.
Conventionally, X-ray absorption spectroscopy (XAS) is used to probe
the local environment of atoms in complex materials [14, 15, 16]. However,
in the case of tungstates and molybdates, often composed from strongly dis-
torted polyhedra, the recovery of structural information from XAS requires
the use of a computationally heavy and time-consuming approach based on
reverse Monte Carlo (RMC) simulations [17, 18, 19, 20]. Moreover, we have
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previously shown that a reliable structural analysis requires the knowledge
of X-ray absorption spectra at least for all metal edges [17, 21]. In the
case of solid solutions, the low content of one of the component limits the
quality of the experimental data, which additionally complicates the anal-
ysis. Finally, the close values of the metal–oxygen interatomic distances in
the radial distribution functions (RDFs) obtained using the RMC simulation
make it often difficult to unambiguously identify the atoms belonging to the
first coordination shell of metal and, as a result, the type of its coordination
polyhedron.
In tungsten oxides and related materials, the splitting of the tungsten
5d band depends on the crystal field of ligands and can be experimentally
probed by the W L3-edge XAS [22, 23], that can be used to distinguish
between different local symmetries of the tungsten coordination polyhedron.
In particular, the tungsten 5d-band splits into 5d(t2g) and 5d(eg) sub-bands
in octahedral and 5d(t2) and 5d(e) sub-bands in tetrahedral coordination.
However, the small value of the crystal field splitting (about several electron
volts) and the large value of the natural width of the excited 2p3/2(W) level
(∼4.5 eV [24]) often mask the difference between the two coordinations [25,
26, 27]. Therefore, a more sophisticated experimental approach should be
used to more reliably address this issue.
In this study, we used the resonant X-ray emission spectroscopy (RXES)
at the W L3-edge to determine a variation of the tungsten local atomic and
electronic structure in CuMo1−xWxO4 solid solutions across thermochromic
phase transition as a function of sample composition and temperature. We
demonstrate that the analysis of the W L3-edge white line splitting provides
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a robust tool for distinguishing tetrahedral and octahedral coordinations of
tungsten ions in these solid solutions.
2. Experimental details
Polycrystalline CuMo1−xWxO4 powders were synthesized using a solid-
state reaction method by heating a mixture of CuO and MoO3 powders with a
stoichiometric amount of WO3 at 650
◦C in air for 8 hours followed by cooling
down to the room temperature. One group of samples with x ≤ 0.15 was
greenish, and the second group with x ≥ 0.20 was brownish. All samples were
characterized by X-ray powder diffraction and micro-Raman spectroscopy
(see in the Supplementary Information).
The temperature-dependent RXES experiments were performed at the
P64 Advanced X-Ray Absorption Spectroscopy beamline of the PETRA III
(HASYLAB/DESY) storage ring using recently constructed RXES endsta-
tion [28, 29]. The X-ray beam from an undulator was monochromatized by
a liquid-nitrogen-cooled double-crystal Si(311) monochromator and focused
in vertical and horizontal planes (100 µm × 240 µm) by two mirrors with
Rh coating positioned downstream of the monochromator. The high stabil-
ity and high intensity (5·1011 photons/s) of the P64 beamline provided the
possibility to accumulate high quality/resolution RXES data. The ioniza-
tion chamber was used for incident X-ray intensity monitoring. The XES
signal was dispersed by von Hamos-type spectrometer equipped with cylin-
drical bent Si(444) analyser crystals [29] and collected by Dectris 2D Pilatus
300K detector. The monochromator was calibrated at the W L3-edge using
tungsten foil and the energy scale of the spectrometer was set according to
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the position of the elastic line on the detector. The inelastically scattered
X-ray signal and W Lα1 and Lα2 fluorescence were acquired in the RXES
plane. The high-resolution W L3-edge XANES (HERFD-XANES) was ex-
tracted from the RXES plane at fixed emission energy 8398.5±0.2 eV. The
temperature of the sample was controlled using liquid nitrogen (LN2) cryo-
stat Linkam THMS600 in the range of 90-450 K. All samples were measured
in the form of sintered powders.
The W L3-edge XANES spectra of the same powder samples recorded
at room-temperature in transmission mode at the Elettra XAFS bending-
magnet beamline [30] were used for comparison. The experimental details
can be found in [13].
3. FDMNES calculations
The simulation of the experimental W L3-edge XANES spectra was per-
formed based on the finite difference method (FDM) by the ab initio real-
space FDMNES code [31, 32], thus avoiding the muffin-tin potential approx-
imation. The XANES spectra were calculated using real energy-dependent
Hedin-Lundqvist exchange-correlation potential [33] taking into account spin-
orbit interactions and the self-consistent cluster potential. The calculations
were performed for 4.0 Å radius clusters constructed around the absorbing
tungsten atom from the crystallographic structures of interest, since the ef-
fect of the crystal field is related to the interaction between tungsten and
nearest oxygen atoms.
All calculated XANES spectra were convoluted with a Lorentzian broad-
ening function with a FWHM given by Γhole=1 eV to mimic the broadening
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due to the core-hole lifetime and experimental resolution. The effect of the
core-hole was also examined by performing calculations for the excited (with
the core hole) and non-excited (without the core hole) absorbing tungsten
atom.
The structures of α-CuMoO4 and γ-CuMoO4 contain three non-equivalent
sites for copper (Cu1, Cu2, Cu3) and molybdenum (Mo1, Mo2, Mo3) atoms
[34]. However, all molybdenum atoms occupy either distorted tetrahedral (in
α-CuMoO4) or distorted octahedral (in γ-CuMoO4) positions. In CuWO4,
there is only one tungsten position with distorted octahedral coordination
[35].
The calculated W L3-edge XANES spectra are shown in Fig. 2 for CuWO4
and tungsten atom substituting molybdenum atom at the Mo2 site in α-
CuMoO4 (distorted tetrahedral environment) and γ-CuMoO4 (distorted oc-
tahedral environment). The XANES spectra calculated for tungsten atoms
placed at the Mo1 or Mo3 sites are close to that at the Mo2 site and are
not shown. Note that all calculations were performed based on the crystallo-
graphic structures obtained from diffraction [34, 35], without any structure
relaxation due to the substitution.
4. Results and discussion
4.1. Crystal field splitting in the W L3-edge XANES & RXES
At ambient conditions, CuMo1−xWxO4 solid solutions exist in one of three
crystal structures with triclinic P 1̄ symmetry, which are isostructural to the
high-pressure phases of CuMoO4 [34]. In the α-phase, 2/3 and 1/3 of Cu
2+
cations form distorted CuO6 octahedra and CuO5 square-pyramids, respec-
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Figure 1: Crystal structures and unit cells of high-temperature green (α) and low-
temperature brownish-red (γ) CuMo1−xWxO4 phases [5, 34]. MoO4 and MoO6 polyhe-
dra are indicated in the α- and γ-phases, respectively. Small red balls are oxygen atoms,
medium-sized blue balls are copper atoms, and large green balls are molybdenum/tungsten
atoms. Photographs of the two phases are also shown.
tively, whereas Mo6+ cations form MoO4 tetrahedra. The crystal structure
of γ-CuMoO4 is built up of distorted CuO6 and MoO6 octahedra. Finally,
CuMoO4-III phase has a wolframite-type structure, in which both Cu
2+ and
Mo6+ ions occupy octahedral sites. The sequence (α → γ → III) of struc-
tural transitions upon increasing W content is similar to that under hydro-
static pressure [34]. Therefore, the ability to tune the functional properties
of CuMo1−xWxO4 solid solutions by the introduction of tungsten ions is of-
ten explained by the effect of locally-induced chemical pressure that appears
due to a small difference between the ionic radii of Mo6+ (0.59 Å) and W6+
(0.60 Å) ions [36]. Besides, the increase of the α ↔ γ phase transition tem-
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perature at high tungsten content was attributed to the stronger preference
of tungsten ions to the octahedral environment [1, 2].
According to the crystal-field theory [37], the d-orbitals of the metal ion
split in the octahedral field of six oxygen atoms into two groups (triply de-
generate t2g orbitals and doubly degenerate eg orbitals) with the energy dif-
ference ∆oct, where the t2g orbitals have lower energy than the eg ones. In
tetrahedral coordination, the splitting of the d orbitals occurs into two groups
with the energy difference ∆tet between the lower energy, doubly degenerate
e orbitals and the higher energy, triply degenerate t2 orbitals. The splitting
magnitudes for regular tetrahedral ∆tet and octahedral ∆oct coordinations
are related as ∆tet = 4/9∆oct for similar W–O distances [37]. For oxidation
state W6+, all five d-orbitals are vacant, therefore, two electron transitions
from 2p3/2 to split 5d states are possible and will have different X-ray absorp-
tion intensities. For tetrahedral WO4 coordination, the intensity ratio will
be e:t2=2:3, whereas for octahedral WO6 coordination, it will be t2g:eg=3:2.
Thus, the knowledge of splitting value or intensity ratio for the two transi-
tions in CuMo1−xWxO4 solid solutions allows one to conclude on the type of
tungsten ion coordination. Further, we will demonstrate how the analysis of
the W L3-edge RXES data provides an opportunity to gain this information.
The XANES spectra of CuMo1−xWxO4 solid solutions at the W L3-edge
contain a strong resonance (see the inset in Fig. 2(a)), the so-called ”white
line“ [38], located just below the continuum threshold and corresponding to
the dipole-allowed electron transition from the 2p3/2(W) level to a quasi-
bound 5d(W)+2p(O) mixed-state in the presence of the core hole [25].
Although the W L3-edge XANES is sensitive to the coordination of the
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absorbing atom, a very short natural lifetime of the excited state with the core
hole at the 2p3/2(W) level leads to significant intrinsic broadening (∼4.5 eV
[24]) of the absorption spectrum. As a result of the limited resolution, the
crystal field splitting of the 5d(W) states is smeared out and cannot be usually
resolved in the conventional transmission experiment (see the inset in Fig.
2(a)). However, some splitting of the white line maximum is nevertheless
observed in the XANES spectrum measured in the transmission mode for a
high tungsten content (x = 0.75).
Unlike the conventional XANES, RXES is a second-order process involv-
ing X-ray absorption and then X-ray emission described by the Kramers-
Heisenberg formalism [39, 40, 41]. Experimental resolution is governed by
the lifetime of intermediate and final states involved in the RXES process
and Heisenberg’s uncertainty principle. Note that the intermediate state of
RXES is the same as the final state of the first-order optical process in XAS
[42, 43, 44].
To interpret the experimental data, we performed the W L3-edge XANES
calculations using the FDMNES code [31, 32]. As a result, information was
obtained on the splitting of the 5d(W) orbitals for three local geometries of
tungsten ions similar to those in CuWO4, α-CuMoO4 and γ-CuMoO4 (Fig.
2). The white line in the calculated XANES spectra is split by about 4.0 eV
and 3.0 eV, respectively, in CuWO4 and γ-CuMoO4 (W substitutes Mo at
the Mo2 site) due to the distorted octahedral crystal-field, whereas a smaller
splitting of about 2.0 eV is characteristic of a tungsten ion in the tetrahedral
environment, as when it is located at the Mo2 site in α-CuMoO4.
The splitting of the 5d(W) orbitals can be observed experimentally by
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detecting the RXES due to 3d5/2(W)→2p3/2(W) electron transition, since the
lifetime of the final state with a hole at the 3d5/2(W) orbital is longer than
that with a hole at the 2p3/2(W) orbital (the W L3-edge) [45]. Therefore, the
lifetime broadening present in conventional XANES spectra is significantly
reduced in the RXES experiment. As a result, additional features become
visible in the HERFD-XANES spectra, which are blurred or poorly resolved
with the traditional approach. A high-resolution spectrometer with the high
brightness X-ray source and highly effective detectors are required to acquire
them. At the same time, high penetration of hard X-ray radiation allows one
to probe the sample bulk.
In the RXES experiment, the intensities and energies of the incoming and
emitted X-rays are monitored. One way of presenting the RXES intensity
plane is to plot the energy of emitted photons against the incident photon
energy as shown in Fig. 3(a). Different plane cuts allow one to obtain valuable
information on the structural and electronic properties of the material. For
example, the W L3-edge HERFD-XANES spectrum can be obtained from
Fig. 3(a) by integrating the emission intensity in the narrow emission energy
region of±0.2 eV around 8398.5 eV. Thus extracted HERFD-XANES spectra
of CuMo1−xWxO4 solid solutions at 300 K are shown in Fig. 3(d).
Besides, the HERFD-XANES spectra, one can additionally obtain (Figs.
3(a,b)) high energy resolution off-resonant X-ray emission spectra by ex-
tracting them slightly below (bands B1 and B2 in Figs. 3(e,f)) and above
(bands B3 and B4 in Figs. 3(g,h)) the W L3 absorption edge, respectively.
As one can see, both types of emission spectra contain information on the
crystal field splitting, while with a smaller signal-to-noise ratio compared to
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HERFD-XANES (Fig. 3(d)) due to weaker intensity. Besides, in the non-
resonant case (Figs. 3(g,h)), the tails of the main X-ray emission line (W Lα1
in Fig. 3(b)) produce some background under the B3 and B4 bands, which
also limits the accuracy of the analysis and should be removed in advance.
Further, we will discuss the effect of concentration and temperature on the
local structure of tungsten ions in CuMo1−xWxO4 solid solutions observed in
the RXES spectra.
4.2. Effect of composition
The concentration dependences of the RXES spectra of CuMo1−xWxO4
solid solutions at 300 K are shown in Figs. 3(d-h). The origin of the observed
bands is due to three different mechanisms, already discussed above.
The emission spectra for the incident X-ray energy Ei=10190 eV below
the W L3 absorption edge are shown in Figs. 3(e,f) and correspond to off-
resonant condition [46]. Two emission bands B1 at ∼8312 eV and B2 at
∼8376 eV can be distinguished in the spectra and correspond to the transi-
tions from 3d3/2 and 3d5/2 levels, respectively (Figs. 3(b,c)). The intensity
of the lower energy band B1 is smaller than that of the band B2, correlating
with the intensity of the W Lα1 and Lα2 bands.
Both bands B1 and B2 are split into two peaks due to the crystal field
of oxygen ligands. The distance between these peaks and the ratio I1/I2 of
their intensities were evaluated by fitting the spectra with two Lorentzian
functions and were used to estimate the symmetry of the crystal field. The
difference between the position of the two Lorentzian functions is related
to the crystal-field splitting parameter ∆ or 10Dq used in the crystal-field
theory [37].
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One can see in Figs. 3(e,f), that the change of the spectral shape upon
tungsten content increase indicates that the local coordination of tungsten
ions changes from tetrahedral (x = 0.04) to octahedral (x > 0.15).
The emission spectra for the incident X-ray energy Ei=10242 eV well
above the W L3 absorption edge are reported in Figs. 3(g,h). In this case,
four emission bands W Lα2, B3, W Lα1 and B4 are observed in Fig. 3(b).
The origin of the bands B3 and B4 is similar to that of B1 and B2, i.e., is
due to the transitions from 3d3/2 and 3d5/2 levels, respectively (Fig. 3(c)).
Again the lower energy band B3 has a much weaker intensity than that of
the band B4, and both bands are split by the crystal field to two peaks (Figs.
3(g,h)). Opposite to the case of the bands B1 and B2, the bands B3 and B4
are located on top of the background due to the W Lα1 and partially W Lα2
fluorescence, which makes it more difficult to determine the magnitude of the
peaks splitting and the ratio of their intensities. Nevertheless, the obtained
parameters agree well with that obtained from the analysis of the bands B1
and B2 suggesting the octahedral coordination of tungsten ions for x > 0.15.
Finally, the analysis was also performed for the W L3-edge HERFD-
XANES spectra (Fig. 3(d)). Here the pronounced splitting of the white line
due to the octahedral crystal field is clearly visible for x > 0.15 and agrees
with the results obtained from X-ray fluorescence spectra in Figs. 3(e-h). The
white line was fitted with two Lorentzian functions to estimate its splitting
magnitude. The results for the crystal-field splitting parameter ∆ obtained
from the off-resonant XES and HERFD-XANES spectra of CuMo1−xWxO4
solid solutions at 300 K and 90 K are combined in Fig. 4.
At 300 K, CuWO4 (x = 1) and CuMo0.96W0.04O4 (x = 0.04) have wol-
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framite [35] and α-CuMoO4 [34] phases, respectively, which correspond to
the octahedral and tetrahedral coordination of tungsten ions. Upon cooling
down to 90 K, CuWO4 remains always in the triclinic phase (space group
P 1̄) [47]. At the same time, CuMo0.96W0.04O4 transforms on cooling to γ-
CuMoO4 phase [1, 2] with distorted octahedral coordination of Mo
6+ and
W6+ ions.
For intermediate compositions of CuMo1−xWxO4 solid solutions, a mix-
ture of α-CuMoO4 and γ-CuMoO4 phases co-exists in the samples with the
relative amounts depending on the tungsten content and temperature range
[1, 5, 48]. In particular, when samples are cooled from 300 K down to 90 K, a
transition from tetrahedral-to-octahedral tungsten coordination is observed
for x < 0.20 but not for x ≥ 0.20 (Fig. 4).
Our theoretical XANES calculations for distorted WO6 and WO4 envi-
ronments (Fig. 2) suggest a value of the parameter ∆ ∼ 3 − 4 eV for octa-
hedral coordination and about 2 eV for tetrahedral one. Therefore, taking
into account the experimentally observed α-to-γ transition and theoretical
predictions, two ranges of the crystal-field splitting parameter ∆ can be iden-
tified (see green and brown regions in Fig. 4): the tetrahedral coordination
of tungsten ions is expected for ∆ < 3, whereas the octahedral coordina-
tion for ∆ > 3. Thus, the simple analysis of the experimental off-resonant
XES and HERFD-XANES spectra can provide useful information on the
local coordination of tungsten ions. In the next section, we will demon-
strate the sensitivity of the parameter ∆ to the hysteretic phase transitions
in CuMo1−xWxO4.
Furthermore, we found that the parameter ∆ correlates well with the solid
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solution optical properties (their color). Namely, at 300 K, the samples with
x ≤ 0.15 have the crystal-field splitting parameter ∆ < 3 eV and greenish
colour, whereas the samples with x ≥ 0.20 have ∆ > 3 eV and brown colour.
Note, that upon cooling of the samples with x ≤ 0.15 down to 90 K, their
color changes to brown, in agreement with previous studies [34], and the
parameter ∆ increases above 3 eV indicating the transition to the phase
with the octahedral tungsten coordination.
4.3. Effect of temperature
It is known that the first-order structural phase transition between α and
γ phases in CuMo1−xWxO4 solid solutions for x < 0.15 has strong hysteretic
behaviour, which can be controlled by the tungsten content [1, 5]. The
hysteresis loop was first experimentally detected by optical, calorimetry and
magnetic measurement [1].
In our previous studies [21, 49], we have shown for CuMoO4 and CuMo0.90W0.10O4
that the Mo K-edge XANES is sensitive to the α-to-γ phase transition due
to the significant change in the local coordination of molybdenum ions from
tetrahedral to octahedral one. Moreover, the analysis of the Mo K-edge
XANES allowed us to determine the transition hysteresis loop and to esti-
mate the fraction of α-phase upon cooling and heating. At the same time,
the sensitivity of the Mo K-edge XANES to the α-to-γ transition is based on
a variation of the pre-edge peak amplitude which is hidden by the natural
broadening of the core level (5.8 eV at the Mo K-edge [24]). Therefore, the
high resolution of the off-resonant XES and HERFD-XANES spectra (Fig.
3) should be more beneficial for tracking the α-to-γ phase transition.
An example of the temperature-dependent W L3-edge HERFD-XANES
15
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spectra of CuMo0.96W0.04O4 is shown in Fig. 5. The change of the spectral
shape reflects a transition from tetrahedral (α-phase) to octahedral (γ-phase)
tungsten coordination on cooling from 300 K to 120 K, whereas from octa-
hedral to tetrahedral tungsten coordination on heating from 90 K to 420 K.
Note that the effect is well observed in RXES planes as the temperature de-
pendence of the relative position of two bright spots, which are well resolved
in the octahedral coordination but change relative intensity and move closer
in the tetrahedral one.
The phase transition hysteresis loops for CuMo0.96W0.04O4 and CuMo0.90W0.10O4
solid solutions are shown in Fig. 6. They were determined from the tempera-
ture dependencies of the magnitude of the peak splitting and the ratio I1/I2
of the peak intensities, which were obtained from the W L3-edge HERFD-
XANES and off-resonant XES spectra normalized on a scale from 0 to 1 to
display them on the same graph. Note that the two approaches have slightly
different sensitivity to the change of tungsten coordination leading to some
scatter of points. The results for CuMo0.90W0.10O4 (Fig. 6(b)) are also com-
pared with a fraction of the α-phase extracted from the analysis of the Mo
K-edge XANES spectra reported in our previous work [21]. One can see a
small difference between the starting temperatures of the α-to-γ phase tran-
sition obtained from the W L3 and Mo K edges for CuMo0.90W0.10O4 sample.
When probed at the Mo K-edge, the transition starts at a slightly lower tem-
perature than when measured at the W L3 edge. This seeming contradiction
has a simple explanation by the fact, that some part of the tungsten atoms is
located in the octahedral environment already at room temperature, as was
concluded above from Fig. 4.
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5. Conclusions
Resonant X-ray emission spectroscopy at the W L3-edge was used to study
the changes in the local atomic structure of tungsten ions across the ther-
mochromic phase transition in CuMo1−xWxO4 solid solutions as a function
of sample composition and temperature.
We demonstrated that the analysis of the RXES plane provides useful
information on the coordination of tungsten atoms in the sample bulk and
allows one to determine the crystal-field splitting parameter ∆ for the 5d(W)-
states. Moreover, this information can be extracted from the RXES plane
using two different approaches by analysing the high-energy resolution flu-
orescence detected X-ray absorption near-edge structure (HERFD-XANES)
and the high energy resolution off-resonant X-ray emission spectra excited
below and above resonance conditions. The analysis of the RXES planes
shows a clear advantage over conventional XANES due to revealing spectral
features with much higher resolution.
The method is well suited for in-situ measurements and was used here to
determine the hysteretic behaviour of the first-order structural phase tran-
sition between α and γ phases in CuMo1−xWxO4 solid solutions on cooling
and heating, even at low (x < 0.10) tungsten content.
We found that tungsten ions in CuMo1−xWxO4 solid solutions have oc-
tahedral coordination for x > 0.15 at all temperatures, whereas their co-
ordination changes from tetrahedral to octahedral upon cooling for smaller
tungsten content. Nevertheless, some amount of tungsten ions co-exists in
the octahedral environment at room temperature for x < 0.15. The obtained
results correlate well with the optical properties of these materials, in partic-
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ular, color change from green to brown upon cooling or increasing tungsten
content.
The electronic structure of CuMo1−xWxO4 solid solutions controls their
thermochromic properties, which are related to a variation of the transmis-
sion window in optical spectra [1, 6]. A change in the local coordination of
tungsten atoms from tetrahedral to octahedral affects the band gap, which
is determined by the oxygen-to-metal charge transfer [1]. The band gap is
smaller in the case of octahedral coordination of tungsten [6], i.e., at higher
tungsten content or lower temperature.
To conclude, this study demonstrates the possibilities of the RXES tech-
nique to probe the crystal field effect in functional thermochromic materials
with controllable properties on the example of CuMo1−xWxO4 solid solutions.
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Figure 2: (a) Calculated W L3-edge XANES spectra for tungsten atoms in distorted oc-
tahedral (CuWO4 and W substituting molybdenum atoms at the Mo2 site in γ-CuMoO4)
and tetrahedral (W substituting molybdenum atoms at the Mo2 site in α-CuMoO4) en-
vironments. The results for the excited state with the core hole (W*, solid curves) and
non-excited state without the core hole (W, dashed curves) are given. Tungsten–oxygen
polyhedra with indicated interatomic distances in (b) CuWO4, (c) W at the Mo2 site in
γ-CuMoO4 and (d) W at the Mo2 site in α-CuMoO4 are also shown. Inset shows the
experimental W L3-edge XANES spectra in CuMo1−xWxO4 solid solutions measured in
the transmission mode.
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Figure 3: (a) RXES intensity map as a function of incident and emitted energies for
CuMo0.50W0.50O4 solid solution at 300 K. (b) Vertical cuts of the RXES plane at the
incident energies Ei=10190 eV and 10242 eV, shown in (a) by two vertical red dashed
lines. Principal observed bands (Lα1, α2 and B1-B4) are labeled. (c) A schematic di-
agram of 2p3d RXES process for octahedral tungsten coordination showing initial, in-
termediate and final states. (d) The W L3-edge HERFD-XANES spectra for different
CuMo1−xWxO4 solid solutions measured at the emission energy Ee=8398.5±0.2 eV, indi-
cated by the horizontal orange solid line in (a). (e,f) High energy resolution off-resonant
X-ray spectra for different CuMo1−xWxO4 solid solutions obtained at Ei=10190 eV be-
low the W L3-edge. (g,h) High energy resolution off-resonant X-ray emission spectra for
different CuMo1−xWxO4 solid solutions obtained at Ei=10242 eV above the W L3-edge.
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Figure 4: Crystal-field splitting parameter ∆ as a function of tungsten content x in
CuMo1−xWxO4 solid solutions at 90 K and 300 K calculated from off-resonant XES (Fig.
3(f)) and HERFD-XANES (Fig. 3(d)) spectra. Schematic energy level diagram showing
crystal-field splitting of tungsten 5d-states in the tetrahedral and octahedral environment
is also shown. Note that ∆tet is smaller than ∆oct.
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Figure 5: Parts of the RXES planes at 90 K, 300 K and 420 K on heating (left panels)
and temperature dependent W L3-edge HERFD-XANES spectra measured on cooling and
heating (right panel) for CuMo0.96W0.04O4.
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Figure 6: Temperature dependencies of the magnitude of the peak splitting (∆) and
the ratio of the white line peak intensities (I1/I2) for CuMo0.96W0.04O4 (a) and
CuMo0.90W0.10O4 (b). A fraction of the α-phase extracted from the analysis of the Mo
K-edge XANES spectra of CuMo0.90W0.10O4 [21] is also displayed for comparison (solid
triangles). Inset shows a photo of two CuMo0.96W0.04O4 samples at room temperature:
the brown sample is in the γ-phase (after treatment at 77 K in liquid nitrogen), and the
green sample is in the α-phase.
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